Experimental results show applying homogeneous low-energy electron beam irradiation (HLEBI) treatment of 0.30 MGy to both sides of sandwich structural CFRP/ABS/CFRP composite constructed of an ABS core between two thin plies of carbon cross textile fiber/epoxy CFRP apparently increased Charpy impact values, a uc at all fracture probabilities, P f at temperatures of 77, 200 and 300 K, within the low temperature range of aircraft operation and below the minimum of reusable launch vehicle operation in space reported as 116 K. At median-P f = 0.50 a uc was increased 98% from 11.4 to 22.5 kJ m ¹2 at low temperature of 77 K, while the HLEBI increased a uc at P f = 0.50 221% and 25% at 200 and 300 K, respectively. Although the lowest statistical impact value calculated by the 3-parameter Weibull equation, a s at P f = 0 (a s ) was reduced in the 200 K samples, a s was improved for the 77 and 300 K samples. The lower a s for the 200 K samples is probably the result of high scatter in the data although the a uc was remarkably improved at all experimental P f . In general, the a uc increased with test temperature. Optical observation shows the HLEBI appears to increase the a uc by preventing brittle shattering of the ABS core in the 77 and 200 K samples, and increasing core ductility in the 300 K samples. Within the outer single CFRP plies the HLEBI strengthens by generating dangling bonds in the epoxy matrix as micro-compressive forces increasing adhesion to the fibers by terminated atoms by Coulomb attractive force. Since calculated HLEBI penetration depth, D th into the sample was less (119 µm) than the 265 µm CFRP ply thickness, it is possible the strengthened plies carried the load protecting the ABS core. It is also possible the highly conductive carbon fibers transferred charge to the ABS core, generating dangling bonds and/or polarizing the ABS polymer strengthening the ABS itself preventing shattering.
Introduction
The strengthening of light structural materials has always been required to develop high-speed transport vehicles with safety enhancement and low-energy consumption. CFRP laminates are light structural materials with high strength, 1, 2) and must be durable surviving the low temperatures of aircraft operation, and also reusable launch vehicles for space that experience temperatures reported to be as low as 116 K. 3) However the supply of CFRPs often cannot catch up with demand therefore they exhibit a high cost.
Since CFRP sheets prevent crack generation near the CFRP/polymer interface, 4) sandwich structural composites (CFRP/ABS/CFRP and CFRP/PMMA/CFRP) of acrylonitrile butadiene styrene (ABS), poly methyl methacrylate (PMMA) resin cores covered with a single thin ply of CFRP sheet at both side surfaces have been suggested to reduce cost. On the other hand, the a uc of CFRP/ABS/CFRP, 4) which approximately corresponds to that of CFRP composite, 4) is more than two times higher than that of CFRP/PMMA/ CFRP. 4) In addition, since the price of CFRP (84,000 Yen/ 1.0 m © 1.0 m © 2.0 mm, 2012 Feb.) is higher than that of ABS resin (6240 Yen/1.0 m © 1.0 m © 2.0 mm, 2012 Feb.), the sandwich structural composites of CFRP/ABS/CFRP (20,240Yen/1.0 m © 1.0 m © 2.0 mm, 2012 Feb.) are only 24% that of CFRP, hence practical use is extremely required. Figure 1 shows ABS is constructed of three repeating segmets of acrylonitrile, butadaiene with its hard segment benzene ring, and styrene. 5) Thus, the high strength of sandwich structural composites of CFRP/ABS/CFRP can be expected.
Limitations of use of ABS polymer as the core include possible lower bending and tensile properties than CFRP, but the price of ABS polymer is lower than that of CFRP. 4) Therefore, it is possible that the sandwich structural composites of CFRP/ABS/CFRP can be used when the important factor is the impact value.
To raise the impact value of CFRP/ABS/CFRP sandwich structures apparently more than that of CFRP, 4) homogeneous 100 keV-class low energy electron beam irradiation (HLEBI) is employed. HLEBI has a successful track record becoming one of the possible tools to improve wear resistance, burnishing, change wetting, and sterilization. The extremely high stability and homogeneity of industrial HLEBI equipment has been advantageous for treating large parts since HLEBI has been practically utilized for wallpaper sheet up to several square meters in size. Furthermore, HLEBI has induced mist resistance, stiffness, high wear resistance and sterilization for practical use of polymer, 68) as well as has improved bending fracture strain, 9, 10) deformation resistivity, and tensile strength and strain of carbon fiber.
11)
To test for impact strength, traditionally damage by a hemispherical impactor is initiated as a point force on the center of a square or rectangular specimen ³70 to 150 mm 2 by slow point force, 12, 13) drop tower, or projectile. 14, 15) Five fracture modes in composite laminates and sandwich panels undergoing point impact have been identified: core crushing, core cracking, delamination in the impacted face sheet, matrix cracking, and fiber breakage in the face sheets.
16) For + Graduate Student, Tokai University 17) and is generally implemented to evaluate against accidents such as bird strike, volcanic rock, hailstone, 18) and can be for possible micrometeriods and space derbis on CFRP.
On the other hand, the Charpy impact test utilizes a dropweight pendulum with smaller samples and evaluates the impact absorption characteristics and relative impact toughness of materials often used in quality control applications employed as an inexpensive and fast way to estimate reaction to higher velocity impact. We do not claim the Charpy test to be a substitute for point impact followed by compression after impact (CAI). However, we believe Charpy impact method could possibly be used as an inexpensive preliminary evaluation to screen candidate materials to later test with indentation or projectile followed by CAI. Hence, Charpy may give a rough or better estimation of which materials and what temperatures a projectile such as bird strike, volcanic rock, hailstone, micrometeriod, or space derbis will cause the most damage. Tests are carried out calibrating for air friction and effect of air temperature and humidity on the swing and pivot of the pendulum.
HLEBI applied to both side surfaces after laminate assembly of CFRP/ABS/CFRP is reported to improve the Charpy impact values (a uc ) at room temperature due to surface CFRP sheet strengthening. 4) Although the adhesion between hard carbon fiber and soft epoxy in CFRP is generally adaptable to utilize for aerospace at room temperature, there is a serious problem of tremendously degrading the a uc value of CFRP/ABS/CFRP at 77 K because of controlling the stress relaxation generated by thermal expansion difference of carbon fiber and epoxy, 19, 20) as well as hardening of the epoxy with brittleness induced by cooling. 19, 20) However, although heating generally decreases dangling bond density, 21) cooling maintains the density. Thus, it is predicted applying 0.30 MGy HLEBI to both side surfaces of CFRP/ABS/CFRP sandwich structure will increase the Charpy impact strength ³100200% in the 77 and 200 K temperature range.
Experimental Procedure

Sample preparation
CFRP/ABS/CFRP specimens were fabricated whose average volume was 2024 mm 3 total consisting of: ABS core (2.0 mm © 80 mm © 10 mm = 1600 mm 3 , SECON MIKI INDUSTRY INC, Tokyo) covered with 1 ply of carbon fiber cross-weave textile reinforced epoxy polymer (CFRP) thin sheets at both side surfaces (two © 0.265 © 80 © 10 = 424 mm 3 , TR3110-331MP epoxy/CF, Mitsubishi Rayon Ltd., Tokyo) for total thickness of 2.53 mm. Laminate assembly of the 3 layers prepreg-CFRP/ABS/prepreg-CFRP sheets was done followed by fabrication by autoclave molding in vacuum under 1 Pa for 2 h at 403 K. In the assembled CFRP/ABS/CFRP volume fraction, V f of carbon fiber, epoxy resin, and ABS core were 12.6, 8.4 and 79.0 vol%, respectively. In the CFRP sheet alone, V f of carbon fiber was 60%.
HLEBI irradiation
After autoclave curing, samples were cut to size then treated by HLEBI on both CFRP outer surfaces. The HELBI treats the samples with a homogeneous electron discharge by the prototype equipment known as the electron-curtain processor (Type CB175/15/180L, Energy Science Inc., Woburn, MA), which was constructed with a vacuum chamber with a tungsten filament and a thin titanium window, and sample treatment compartment with conveyer under 1 atm N 2(g) .
611,2226) The tungsten filament in vacuum was used to generate the electron beam at a low energy (acceleration potential, V: kV), of 170 kV and irradiating current density (J: Am ¹2 ) of 0.089 Am
¹2
. Although the electron beam generation was in a vacuum, the irradiated sample was kept under protective N 2(g) . The flow rate was 1.5 Ls ¹1 at 0.1 MPa of N 2 gas pressure with an O 2 residual concentration below 400 ppm. The sheet electron beam irradiation was applied intermittently. Each sweep of irradiation dose (0.043 MGy (kJ g ¹1 )) was applied for only a short time (0.23 s) to avoid excessive heating of the sample; the temperature of the sample surface remained below 323 K just after irradiation. Repeated irradiations to both side surfaces of the samples with 30 s interval between sweeps were used to increase the total dose of irradiation. The resulting EB dosage is proportional to the yield value determined from the irradiation current, I (mA) conveyor speed, S (mmin ¹1 ), and number of irradiations, N:
The yield value was calibrated by FWT nylon dosimeters (Far West Technology, Inc. 330-D South Goleta, CA 93117).
Charpy impact tests
After HLEBI irradiation, the sandwich specimens were tested with a Charpy impact setup at 77, 200 and 300 K. A standard impact fracture energy measurement system (Shimadzu Corp. No. 51735) was employed according to JIS K 7077-1991 6, 7) to obtain impact fracture energy, E (kJ) calculated in eq. (1):
where W, R, ¢, ¡ and ¡A are hammer mass (W = 8.43 N), length of hammer weight point from pivot center (R = 0.21 m), maximum angle after impact, start angle before impact (¡ = 2.3 Radians) or 132°, and maximum angle of a blank test, respectively. The Charpy impact value (a uc : kJ m ¹2 ) was obtained from eq. (3) when E, b (10 « 0.2 mm) and t (2.65 « 0.15 mm) are impact fracture energy (J), sample width and thickness, respectively. 28) a uc ¼ E=ðbtÞ ð 3Þ
The distance between supporting points was 40 mm. Evaluating the probability of fracture (P f ) is a convenient method of quantitatively analyzing experimental values relating to fracture. P f is expressed by eq. (4), a generalized form of the median-rank method:
where N s and i are total number of samples and order of fracture of each sample, respectively. Here, the order of fracture is the aligned number of fractured samples from low to high impact value. For example, when N s = 11, i values are 1, 6, and 11, and their P f values are 0.06, 0.50 and 0.94, respectively.
Results
Impact values of untreated and 0.30 MGy-treated
CFRP/ABS/CFRP as a function of temperature Experimental results in Fig. 2 show applying the 0.30 MGy homogeneous low-energy electron beam irradiation (HLEBI) to both sides of the sandwich structural CFRP/ABS/CFRP composite appears to significantly increase Charpy impact values, a uc at all fracture probabilities, P f at 77, 200 and 300 K. Figure 3 shows a uc generally increases with test temperature, except for the HLEBI-treated at the statistical median-P f = 0.50 had a decrease from 200 to 300 K.
Figures 2 and 3 show at P f = 0.50, at the low temperature of 77 K, the a uc was increased well above the untreated, 98% from 11.4 to 22.5 kJ m ¹2 . Moreover, at 200 K the HLEBI increased the a uc significantly, 221% from 18.8 to 60.2 kJ m ¹2 whereas at room temperature of 300 K the a uc was increased 27% from 43.0 to 54.8 kJ m ¹2 at P f = 0.5. At the low-P f = 0.06 the 200 K samples had the highest improvement: a uc was increased 219% from 10.2 to 31.4 kJ m ¹2 by the HLEBI. At 77 K, the a uc at low-P f = 0.06 was increased 99% from 6.92 to 13.8 kJ m ¹2 , while at 300 K a uc was increased 18% from 30.9 to 36.5 kJ m
¹2
. At high-P f = 0.94 the most improvement from the HLEBI occurs in the low temperature 77 K samples whose a uc was apparently increased 183% from 18.8 to 53.1 kJ m
. In the 200 K samples a uc was increased 49.3% from 48.8 to 72.8 kJ m ¹2 ; while that at 300 K was increased 9.37% from 77.6 to 85.0 kJ m ¹2 . Figure 2 shows the a uc values for the HLEBI-treated samples at 200 K are raised higher than that of the untreated at 300 K at all P f < 0.85, and approximately equal to the HLEBI-treated at 300 K.
Although HLEBI raises the a uc , as shown in Figs. 2 and 3, the test temperature reduction from 300 to 77 K apparently reduces the a uc of CFRP/ABS/CFRP with and without HLEBI. On the other hand, 0.30 MGy-HLEBI raises the a uc value of CFRP/ABS/CFRP at low temperatures, 77, 200 along with 300 K (Figs. 2 and 3 ). 30) When a uc is the measured Charpy impact value and a o is a constant, the fracture probability (P f ) as a function of the risk of rupture (a uc /a o ) is expressed by the following equation:
The linear logarithmic form can be obtained as the following equation:
for the untreated and 0.30 MGy samples for the 77, 200 and 300 K conditions as shown in Fig. 4 . The n value corresponds to the slopes of the relationships indicating experimental reliability. Figure 4 shows although n value for the 77 K specimens was reduced by the HLEBI from 4.2 to 2.6; at 200 K the HLEBI increased the n value 124% from 1.8 to 4.1; and that at 300 K was increased 11% from 3.8 to 4.2. Therefore, the HLEBI increases reliability at 200 K and 300 K. Although at lower T = 77 K n-value was reduced the a uc values at P f > 0.50 were much higher that that of the untreated showing significant improvement at 77 K. 
In predicting the required impact value for new structural materials, the lowest impact value (a s ), the 3-parameter Weibull coefficient (m) and the (a III ) which are both constants from their respective data sets are the key parameters. When the linear correlation coefficient, F reaches a maximum the a s at P f = 0 is obtained. While the a III is determined when the term (ln[¹ln(1 ¹ P f )]) is zero, the a s value is defined as the a uc value when P f = 0 and represents the statistically lowest possible impact value for safety considerations and is used for quality control. Figure 5 shows iteration of the potential lowest impact value ( e a s ) to obtain the lowest impact value, a s at P f = 0 for untreated and 0.30 MGy HLEBI-treated samples tested at 77, 200 and 300 K. The a s is obtained at the maximum correlation coefficient, F (arrows) from the linear logarithmic form of eq. (7). Figure 5 shows the F exhibits high linear correlations above 0.95.
Although in the 200 K samples the a s at P f = 0 is reduced by the 0.30 MGy HLEBI from 10.1 to 3.0 kJ m ¹2 , at the low temperature of 77 K the a s is apparently raised significantly 187% from 4.3 to 12.3 kJ m ¹2 ; while a s at 300 K is improved 21% from 27.1 to 32.9 kJ m
. The lower a s for the 200 K HLEBI samples is probably the result of high scatter in the data: the a uc was improved largely by the HLEBI at all experimental P f . Figure 6 shows photos of optical observation of untreated and 0.30 MGy HLEBI treated CFRP/ABS/CFRP samples tested at 77, 200 and 300 K at low-, median-, and high-P f . Table 1 shows with increasing impact values, (a uc ) fracture modes of the ABS core basically appear to follow an order of progression going from shattering to non-shattering, incomplete to complete fracture, jagged to clean straight fracture surface, and at higher impact values, fracture to no fracture with plastic bending deformation, together with the list of observed fracture modes (see Table 1 (c)). Table 1 indicates the ABS core fracture modes: shatteringincomplete fracture (black dots '1') ¼ shattering-complete fracture-jagged fracture surface (black dots '2') ¼ nonshattering-complete fracture-jagged fracture surface (white dots '2') ¼ non-shattering-complete fracture-clean straight fracture surface (white dots '3') ¼ and non-shattering-no fracture-plastic bending deformation (white dots '4'). Also indicated is presence of bright white crazing at straight fracture surfaces (diamonds).
Optical observation of CFRP/ABS/CFRP sandwich structures 4.2.1 Fracture mode order of progression in ABS core
Shattering prevention of ABS core by HLEBI
The dominant fracture mechanism appears to be the HLEBI preventing shattering of the ABS core in the low Table 1 shows in the 77 K samples ABS core brittle shattering modes (black dots '1') and (black dots '2') were transitioned to more ductile non-shattering mode (white dots '3') by the HLEBI. Similarly, in the 200 K samples ABS core shattering mode (black dots '2') was transitioned to nonshattering mode (white dots '3') at low-and high P f . Figure 7 shows shattering of the ABS core being prevented comparing the untreated with 0.30 MGy samples at 77 K (P f = 0.94) resulting in the a uc being raised significantly 183% from 18.8 to 53.1 kJ m
¹2
. Again, shattering was also prevented at the low-P f = 0.06 and median-P f = 0.50 samples at 77 K by the HLEBI as well as at 200 K (see Table 1 ).
Bright white crazing is observed to be generated by the HLEBI in all 200 K samples; and at 77 K samples at high-P f ., indicating increased ductility (see Table 1 ). Crazing is reported as a micro-toughening mechanism in other polymers 31) creating higher strength.
Delamination or peeling
Although Table 1 shows CFRP ply delamination or peeling (white triangles, tensile and compressive sides) occurs in most samples, Fig. 6 indicates clearly total CFRP ply delamination occurs in most of the 0.30 MGy HLEBItreated samples. Delamination in untreated samples is little or partial in comparison (Fig. 6 ). Increased delamination in the HLEBI samples is probably due to strengthening of both the epoxy CFRP and ABS making the interface the fracture site. Dangling bonds are reported to be detected in HLEBI-treated epoxy CFRP samples as a broad peak by ESR (electron spin resonance) measurements 4) by repulsion of outer-shell electrons creating micro-compressive stress sites within the epoxy matrix; and Coulomb attractive force of the terminated atoms with the carbon fiber surface increasing fiber-martrix adhesion, raising impact values.
CFRP ply fracture
As for CFRP ply fracture, indicated in Fig. 6 and Table 1 , CFRP plies were undamaged at 77 K (cross symbol). In 200 and 300 K samples one or both the CFRP plies were completely fractured (black triangles, tensile and compressive sides). Here, temperature appears to be the governing factor of CFRP ply damage: at low temperatures, no CFRP fracture is observed except at high P f at 77 K; and at high temperatures complete CFRP fracture is observed. At low temperatures, the ABS core appears to be the weak point by shattering, whereas at higher temperatures the core is toughened and the CFRP plies fracture. 4.2.5 Improvement in a uc of the 300 K samples Figures 2 and 3 show the a uc of the CFRP/ABS/CFRP at 300 K is improved by the HLEBI but to a lesser extent than those at 77 or 200 K. This is probably due to the ABS core of untreated already exhibiting the more ductile fracture with core non-shattering (white dots '3'). At higher P f , the action of the HLEBI appears to increase ductility of the ABS core transitioning fracture mode from complete fracture (white dots '3') to plastic bending deformation (white dots '4').
Action of HLEBI
Epoxy resin treated by HLEBI is reported to generate a high intensity ESR peak at ³323.5 mT indicating dangling bonds form in epoxy. 4) Repulsive forces between dangling bonds in outer-shell electrons probably act as stress relaxation sites with internal expansion in carbon fiber and epoxy and its interface, much as a cushion does, the loading stress relaxes resulting in improving the a uc in temperature range of 77 to 300 K. Moreover, although heating generally decreases dangling bond density, 21) cooling maintains the density.
Furthermore, spontaneous dangling bonds have been observed in untreated carbon fiber. 10) Since dangling bond densities in carbon fiber 11) and epoxy 10) have been controlled by HLEBI dose, this makes it possible to get optimum density of dangling bonds for adhesion. When HLEBI cuts the chemical bonds and generates dangling bonds with nonbonding electrons in epoxy, they act as bonding sites to terminated atoms by Coulomb attractive force at the adhesive interface between epoxy and carbon fiber. While the electrons probably induce the chemical bonding and intermolecular attractive force, HLEBI inducing strong adhesive force can be explained by the chemical bonds and inter-molecular forces between carbon fiber and epoxy. Thus, the high impact value of CFRP/ABS/CFRP sandwich structural composite (Figs. 2 and 3) can be explained by the adhesion force of epoxy/carbon fiber, as well as the strengthening of carbon fiber 911) and epoxy.
23)
HLEBI penetration depth, D th
Penetration depth by electron beam is one of the serious problems to dominate productivity and part thickness for practical use. According to Christenhusz and Reiner 31) effective HLEBI penetration depth, D th is dependent on sample density µ (kg m ¹3 ), and irradiation voltage at the sample surface (keV) by the following equations:
Based on the linear logarithmic form D th is calculated from the sample density, µ and the surface potential (128 keV) at the sample surface, related to the irradiation potential (170 kev) minus the voltage drops as the electrons go through the 10 µm thickness of the Ti-window (µ = 4540 kg m
¹3
) and the 30 mm distance between the Ti-window and sample surface in the N 2 atmosphere (µ = 1.13 kg m
). Since the measured density of epoxy CFRP with 60% volume fraction carbon fiber is reported to be 2311 kg m ¹3 , 4) D th from eq. (9) is 95.9 µm. Since the thickness of a single carbon ply is 265 µm, and CFRP/ABS/CFRP is irradiated on both sides, the EB penetrates 36% into each CFRP ply. The total thickness of the CFRP/ABS/CFRP sandwich structure is 2.53 mm, therefore the EB penetrates 3.8% into both sides for a total of 7.6%.
On the other hand, Libby calculates the D th relating to mass thickness, l o (gm ¹2 ) and irradiation voltage, E (keV) by the following equation:
The l o are 348, 11.7, and 1.50 gm ¹2 for the irradiation potential (170 keV), and voltage drops of the Ti-foil (22.2 keV), and N 2 atmosphere (8.4 keV), respectively therefore the l o that contacts the sample is 328 gm
¹2
. The irradiation voltage hitting the sample surface is therefore:
which is equal to 164 keV, substituted into eq. (8) using CFRP µ = 2311 kg m ¹3 , penetration thickness, D th applying the Libby 32) assumption is 142 µm. According to Libby, the EB penetrates 54% into each CFRP ply: for the CFRP/ABS/ CFRP sample the EB penetrates 5.6% into both sides for a total of 11.2%.
Since the D th estimated, 95.9 µm by Christenhusz and Reiner 32) and 142 µm by Libby, 33) (avg. = 119 +/¹ 23 µm) are less than the 265 « 15 µm CFRP ply thickness, irradiation probably acted within the CFRP sheet, hence the influence of HLEBI on adhesion of ABS and ABS/epoxy of CFRP interface cannot be expected. From this, HLEBI strengthens the plies carrying more load probably protecting the ABS core from shattering exhibiting the clean straight break at the fracture point.
On the other hand, since carbon fibers are excellent conductors like metals, charge may have migrated to the bottom of the CFRP ply down to the ABS core generating dangling bonds strengthening the ABS as well, as evidenced by the prevention of core shattering in HLEBI-treated 77 and 200 K samples. If electrons are transferred to the ABS core surface the ABS polymer molecules will be polarized to a certain degree aligning according to their electronegative nitrile and aromatic groups. From the action of the HLEBI strengthening the carbon fibers and ABS core together the high a uc at low temperatures 77 and 200, along with 300 K of CFRP/ABS/CFRP can be explained.
Conclusions
Experimental results showed homogeneous 100 keV-class low energy electron beam irradiation (HLEBI) improved the Charpy impact values (a uc ) at low test temperatures characteristic of space and aircraft operation, 77 to 200 K, and at room temperature of sandwich structural CFRP/ ABS/CFRP (carbon fiber reinforced epoxy polymer) laminated by both high-strength and light structural CFRP plies and ABS (acrylonitrile butadiene styrene) core with low volume fraction of carbon fibers for cost reduction and safety.
(1) Applying 0.30 MGy HLEBI to the CFRP/ABS/CFRP apparently increased Charpy impact values, a uc at all fracture probabilities, P f at temperatures of 77, 200 and 300 K, within the low temperature range of aerospace operation. (2) At the low temperature of 77 K at median-P f = 0.50 a uc was increased 98% from the 0.30 MGy HLEBI from 11.4 to 22.5 kJ m ¹2 , while that at 200 and 300 K were increased 221% and 25%, respectively. (3) Although the a uc values at 77 K at each P f of CFRP/ ABS/CFRP with 0.30 MGy-HLEBI were lower than those at 200 and 300 K, they were higher than those without HLEBI. (4) Based on 3-dimensional Weibull analysis, the statistically lowest impact value a s at P f = 0 by the medianrank method typically used for quality control at the low temperature of 77 K was raised significantly 187% from 4.3 to 12.3 kJ m ¹2 ; while a s at 300 K was improved 21% from 27.1 to 32.9 kJ m ¹2 . Although in the 200 K samples the a s at P f = 0 was reduced by the 0.30 MGy HLEBI from 10.1 to 3.0 kJ m ¹2 , it was probably the result of high scatter in the data since the a uc was improved largely at all experimental P f . (5) The dominant fracture mechanism increasing the impact values of the CFRP/ABS/CFRP appears to be the HLEBI preventing shattering of the ABS core at the low temperatures 77 and 200 K. (6) Since calculated HLEBI penetration depth, D th of 119 µm was less that the CFRP ply thickness of 265 µm, it is possible the strengthened plies carried the load protecting the ABS core from shattering at 77 and 200 K. The HLEBI acts by generating dangling bonds, strengthening the epoxy as well as the carbon fibers. The micro-compressive stresses in epoxy onto the carbon fiber surfaces increase adhesion at carbon fiber/epoxy interface and strengthens the CFRP. It is also possible the highly conductive carbon fibers transferred charge to the ABS core, generating dangling bonds and/or polarizing the ABS polymer strengthening the ABS itself preventing shattering. (7) Moreover, in the 300 K samples, the 0.30 MGy HLEBI appeared to raise the a uc by making the ABS core more ductile preventing fracture at P f = 0.50 and 0.94. For these reasons, the high a uc at low temperatures 77 and 200, along with 300 K of CFRP/ABS/CFRP can be explained. (8) In summary, by applying 0.30 MGy HLEBI to both sides of CFRP/ABS/CFRP sandwich structures, transformation of fracture modes probably work to increase the impact strength at low temperatures as well as room temperature showing possibility for practical use with reduction in weight and cost. However, carefulness is extremely required to obtain optimum dose in industry to maximize safety.
